Abstract: We evaluated 3-dimensional changes in the temporomandibular joints of children with skeletal Class III malocclusion and maxillary deficiency after facemask therapy for maxillary protraction. Eighteen children with anterior crossbite and a Class III molar relationship underwent facemask therapy for maxillary protraction, after which they exhibited positive overjet and a Class II molar relationship. Three-dimensional cone-beam computed tomography images of the patients were obtained before (T1) and after (T2) facemask protraction, and the 3-dimensional coordinates of the anatomical landmarks in T1 and T2 images were compared. After facemask therapy, the mandibular condyles of the patients were displaced outside, upward, and backward. Additionally, the anterior and posterior walls of the glenoid fossa had negative values for anteroposterior change. Three-dimensional analysis of the temporomandibular joint showed that facemask therapy resulted in bone apposition (to the anterior wall) and bone resorption (of the posterior wall) in the glenoid fossa. This bone remodeling resulted in upward and backward displacement of the condyle.
Introduction
Facemasks are increasingly used to treat skeletal Class III malocclusion and maxillary deficiency. Maxillary protraction separates circummaxillary sutures and stimulates forward and downward movement of the maxillary complex, clockwise rotation of the mandible, and linguoversion of lower incisors (1) (2) (3) (4) (5) (6) (7) (8) . However, because maxillary protraction imparts force posteriorly to the mandible, changes in the mandibular fossa and the positions of the mandible body and condyles are expected.
Although conventional 2-dimensional analysis is frequently used to evaluate anteroposterior positional changes in the temporomandibular joint (TMJ), such analysis is less useful for assessing overall changes in the TMJ. Therefore, remodeling of adjacent bones, TMJ, and soft tissue after facemask therapy for maxillary protraction are not well understood, and previous studies have focused mostly on treatment outcomes (9) (10) (11) (12) (13) .
Although facemask therapy sometimes alters the position and shape of the mandible and TMJ, no study has used 3-dimensional (3-D) analysis of the mandibular condyle and glenoid fossa or maxilla and face to evaluate patients after facemask therapy. Advances in 3-D analysis using cone-beam computed tomography (CBCT) superimposition are helpful in evaluating anatomical Journal of Oral Science, Vol. 58, No. 4, [501] [502] [503] [504] [505] [506] [507] [508] 2016 Original Three-dimensional changes in the temporomandibular joint after maxillary protraction in children with skeletal Class III malocclusion structures undergoing remodeling and displacement and, thus, in identifying skeletal changes (14) (15) (16) (17) (18) . Therefore, use of CBCT in 3-D analysis of anatomical landmarks in the maxilla, mandible, and TMJ after facemask therapy might improve understanding of the mechanism of action and effectiveness of such treatment. We compared the 3-D coordinates of anatomical landmarks before and after facemask therapy for maxillary protraction and analyzed overall TMJ changes in children with skeletal Class III malocclusion and maxillary deficiency.
Materials and Methods
We retrospectively analyzed the medical records of 18 children with skeletal Class III malocclusion and maxillary deficiency (mean age, 8.9 ± 1.1 years): 10 girls (mean age, 8.8 ± 0.8 years) and 8 boys (mean age, 9.1 ± 1.4 years). This study was reviewed and approved by the Ethics Committee of Pusan National University Dental Hospital (PNUDH-2013-028).
Sample
All patients had skeletal Class III malocclusion with maxillary deficiency and anterior crossbite and a Class III molar relationship before treatment (T1). All underwent facemask therapy for maxillary protraction and exhibited positive overjet and a Class II molar relationship after treatment (T2). At the time of treatment, the maxillary central incisors, lateral incisors, and first molars were fully erupted. A Delaire-type facemask was used for maxillary protraction, and a protraction force of 450 g was maintained on each side. All patients were instructed to wear the facemask for more than 16 hours per day. The direction of maxillary protraction was 15° to 30° downward and forward relative to the occlusal plane. Facemask therapy was completed when positive anterior overjet and a Class II molar relationship were attained. The average age at the beginning (T1) and end (T2) of treatment was 8.9 ± 1.1 and 10.0 ± 1.1 years, respectively. The average duration of facemask treatment was 10.8 ± 2.4 months (range, 8.1-12.8 months).
CBCT assessment
Before 3-D analysis of the effect of facemask therapy, 3-D CBCT images (Pax-Zenith 3D; Vatech Co., Seoul, South Korea) were obtained 1 month before (T1) and after (T2) maxillary protraction.
To ensure maximum intercuspation, CBCT images were acquired with patients in an upright position. The Frankfort horizontal (FH) plane was adjusted so that it was parallel to the floor. CBCT scanning of maxillofacial regions was conducted by using the following parameters: 240 × 190 mm field of view (FOV), 105 kVp tube voltage, 5.7 mA tube current, and 0.6 mm isotropic voxel size. CBCT data were then reformatted and analyzed 3-dimensionally using 3D imaging software (InVivo Dental software; Anatomage, Inc., San Jose, CA, USA)
Using the anterior cranial fossa as the registration area, we superimposed images obtained before (T1) and after (T2) treatment to evaluate mandibular and glenoid fossa changes after facemask therapy. For maximal superimposition accuracy, 3-D CBCT superimposition was done as follows. Both point registration and volume registration, in turn, were used. First, point registration began with landmark identification. Then, T1 and T2 images were 3-dimensionally traced with the nasion (N) as (0,0,0), to obtain the 3-D coordinates of the reference points. After that, the images were superimposed with N, frontozygomatic suture_left (FZ_L), frontozygomatic suture_right (FZ_R), and orbitale_right (OR_R) as reference points. Finally, volume registration was performed for more accurate superimposition. After the images were superimposed using point registration, volume registration was performed with a 50 × 50 × 40 mm target volume (including the anterior cranial fossa), for enhanced accuracy.
The 3-D coordinates of anatomical landmarks obtained from superimposition of T1 and T2 images were analyzed and compared to evaluate changes in the maxilla, mandible, and TMJ. Table 1 shows the anatomical landmarks used in this study. In comparing T2 (after treatment) and T1 (before treatment) images, the extent of coordinate change was calculated by subtracting the T2 value from the T1 value. On the X-axis, positive ( 
Statistical analysis
The Wilcoxon signed rank test was used to compare landmarks before (T1) and after (T2) facemask therapy. Spearman correlation analysis was then performed to assess the T2 correlations among the landmarks. The significance value was set at 0.05. All 3-D measurements were obtained by the same investigator. To assess the reproducibility of the measurements, all landmarks were retraced 3-dimensionally after a 2-week interval, and intraoperator error, in the form of the intraclass correla-tion coefficient (ICC), was calculated.
Results
The intraoperator reliability of the present study results was good (average ICC, 0.835). Table 2 shows the landmark changes in T1/T2-superimposed images on the X-, Y-, and Z-axes of the maxilla and mandible (including condyle and glenoid fossa) after facemask therapy for the 18 children.
Changes in the X-, Y-, and Z-coordinates of anatomical landmarks
On the X-axis, among bilateral landmarks the right-side landmarks exhibited negative displacement and left-side landmarks exhibited positive displacement (except the right superior mandibular fossa, right and left posterior mandibular fossae, right and left medial mandibular fossae, and left mental foramen), indicating movement to the outside. Additionally, the bilateral landmarks of the condyle, coronoid process, and ramus showed displacement to the outside and bone absorption at the lateral wall of the anterior mandibular fossa (P < 0.05).
On the Y-axis, the displacement values for the mandibular fossa, condyle, coronoid process, chin, ramus, and mandibular teeth were all positive. These findings indicate backward displacement of the mandibular condyle and bone absorption at the posterior wall along with bone apposition to the medial and right anterior walls in the glenoid fossa (P < 0.05). The central point of the lower central incisal edge also exhibited backward displacement (P < 0.05).
On the Z-axis, all landmarks of the glenoid fossa, coronoid process, and condyle, except the most medial point of the left condyle, exhibited positive displacement. Bone absorption at the superior wall of the glenoid fossa and upward displacement of the condyle at the posterior and right-superior points were observed (P < 0.05). Furthermore, all landmarks of the chin, ramus, and maxilla exhibited negative displacement, indicating that they had moved downward (P < 0.05). Table 3 shows the correlations of the forward displacement of the A point after maxillary protraction with the other anatomical landmarks. On the X-and Z-axes, no significant correlations were observed between maxillary protraction and the displacement of the other landmarks. On the Y-axis, there was no significant correlation between maxillary protraction and mandibular anatomical landmarks, although was a strong correlation between maxillary protraction and forward displacement of the center of the nasopalatine canal.
Correlation between maxillary protraction and displacement of anatomical landmarks

Discussion
This study investigated 3-D changes in the maxilla, mandible, and TMJ after facemask therapy for maxillary protraction in children with skeletal Class III malocclusion and maxillary deficiency. Treatment outcome was evaluated in relation to dentoalveolar effect, anterior growth of the maxilla, bone remodeling in the glenoid fossa, and changes in the condyle and mandible after growth and treatment. First, facemask therapy that uses teeth for anchorage cannot deliver a protraction force directly to circummaxillary sutures and thus has a dentoalveolar effect (19) . However, forward movement at the anterior nasal spine (1.31 mm) and the A point (1.62 mm) during facemask therapy indicated that growth was greater in this study than at the anterior nasal spine (0.96 mm) and A point (1.07 mm) in a similarly aged cohort assessed for 1 year (20) . These results suggest that facemask therapy, in addition to its dentoalveolar effect, results in forward movement of the maxilla (Figs. 2-4) .
Analysis of X-, Y-, and Z-coordinates of anatomical landmarks by superimposition of 3-D images before and after treatment revealed bone apposition to the right anterior wall of the glenoid fossa and bone resorption of both posterior walls of the glenoid fossa (Fig. 5) . These findings indicate that the effects of facemask therapy were not limited to displacement of the mandible; bone remodeling occurred in the glenoid fossa. Possible causes of TMJ change after facemask are the force produced by the facemask, forward movement of the maxilla, posterior displacement of the condyle, and growth. Among these, the force produced by facemask therapy is the main contributing factor. Maxillary protraction force induced maxillary and mandibular displacement, which were associated with remodeling. The growth pattern of the patient should also be considered. Our results are consistent with those of a previous study (21) reporting that the height and depth of the glenoid fossa increased on the sagittal plane after chin cup treatment. They also accord with the findings of a study showing that bone apposition to the front wall of the glenoid fossa and bone absorption at the posterior wall of the glenoid fossa occurred after bone-anchored maxillary protraction (BAMP) treatment (22) . Because facemask therapy has pronounced maxillary protraction effects (23) , it likely causes bone remodeling in the glenoid fossa, although the difference between facemask therapy and BAMP treatment was only 1 mm (22) .
A previous study reported superior displacement of the condyle after maxillary protraction treatment with a Delaire-type facemask (24) . In the present study, we noted bone absorption at the superior wall of the glenoid fossa and upward displacement of the right condyle. With regard to posterior displacement of the condyle, the most superior point of the right condyle moved 0.98 mm backward, and the right condyle moved 0.64 mm backward, during 9 months of observation ( Table  2 ). In a similarly aged cohort of patients with untreated skeletal Class III malocclusion, the most superior point of the condyle moved backward at a rate of 0.65 mm per year (20) . The superimposed T1 and T2 model images in the present study (Fig. 6 ) revealed greater displacement of the mandibular condyle. These findings suggest that bone remodeling-from bone absorption at the superoposterior wall and bone apposition to the anterior wall of glenoid fossa-caused superoposterior displacement of the mandibular condyle.
Previous studies using lateral cephalography showed that a counterforce is applied to the mandible in reaction to a maxillary protraction force, thus causing clockwise rotation of the mandible (5). The displacements of the mandibular condyle were 1.088 mm backward and 0.34 mm upward in the right condyle and 0.97 mm backward and 0.25 mm upward in the left condyle; 2.55 mm backward and −2.94 mm downward in the chin; and 2.94 mm backward and −0.48 mm downward on the right side and 2.32 mm backward and −0.82 mm downward on the left side of the ramen. Thus, clockwise rotation of the mandible had occurred during facemask therapy for maxillary protraction. Forward displacements of the B point, pogonion, and menton were 1.14, 1.55, and 1.42 mm per year, respectively, in a previous study of children with untreated skeletal Class III malocclusion (20) ; the same landmarks in the present study exhibited backward displacements of 2.44, 2.51, and 2.39 mm, respectively, during the 9-month observation period. This discrepancy was almost certainly attributable to the effects of the present facemask therapy. In this study, bone resorption and apposition of the glenoid fossa were evaluated at the level of the anterior cranial fossa by superimposition of CBCT images obtained before and after facemask therapy. A limitation of the study is that data were evaluated only for treated children with skeletal Class III malocclusion. Indeed, the present treatment results include both the treatment effect and growth-related changes. A more accurate analysis of the effects of facemask therapy would include a comparison with CBCT images from untreated children with skeletal Class III malocclusion as a control group. Nonetheless, the present analysis of superimposed CBCT images yielded crucial information on the relationship between facemask therapy and bone remodeling of the mandibular condyle and glenoid fossa.
The present 3-D analysis of facemask therapy, especially the analysis of correlations between maxillary protraction and the displacements of relevant anatomical landmarks, confirmed maxillary growth and a dentoalveolar effect. Moreover, bone remodeling after facemask therapy for maxillary protraction leads to bone apposition to the anterior wall and bone absorption of the posterior walls of the glenoid fossa. The simultaneity of the displacement of the condyle and the above-noted bone remodeling results indicates that bone remodeling in the glenoid fossa causes upward and backward displacement of the condyle.
